Introduction
Barramundi (Lates calcarifer) is a large anadromous species that is prized for its flesh throughout the Australasian region. In Papua New Guinea it occurs along the southern coast in estuarine and mangrove-fringed rivers west of Port Moresby. The majority of the population lives in the Fly River system and adjacent coastal waters. It is protandrous and has a complex lifecycle (Moore 1979; Thresher 1984) : fish are born as males in coastal waters, migrate into fresh water, and migrate back to coastal waters to breedinitially as males (26 years old) and subsequently as females (>6 years old; Moore 1979 Moore , 1982 . The only known spawning ground is near the village of Sigabaduru, ~160 km west of the mouth of the Fly River (Moore 1982) . Most adults are believed to migrate from their non-breeding habitats in the Fly River to the spawning ground at the onset of the summer monsoon season and most of the juveniles migrate back as 1-year-olds .
Species whose life cycle includes a change of sex represent a particular challenge to fisheries managers because of the need to protect young and old fish (i.e. both sexes) from overfishing. Yield-per-recruit models have been used to assess the status of stocks of protogynous species (Bannerot et al. 1987; Buxton 1992; Punt et al. 1993) . This approach has not yet been used to model populations of protandrous species but its underlying mathematical models should apply equally well to these fishes.
In Papua New Guinea in the late 1980s, barramundi was ranked fourth in terms of both total fish production and foreign-exchange earnings (Opnai and Tenakanai 1987) . The barramundi catch represented ~80% of the total weight of commercial seafood sold in Daru in 1995 (Anon. 1997 ). The fishery is important to coastal communities in Western Province because it involves many local fishers each with one gill-net (Mobiha and Murri 1993) , and generates cash for people in areas with few alternative sources of income. For the economy of the region it is thus vital to maintain the longterm sustainability of barramundi populations.
The commercial fishery for barramundi in Western Province began after the establishment of processing and distribution centres in the province in the early 1960s. By 1969 commercial gill-net operations were established on the coast near the mouth of the Fly River at Daru and in the middle Fly River around Lake Murray (Opnai and Tenakanai 1987) . The fishery comprised commercial fishing vessels operating gillnets (15.2 and 17.5 cm mesh size) and also artisanal fishers in both regions. The total catch from both areas reached 330 t year 1 in the early 1970s (Opnai and Tenakanai 1987) , but the commercial fishery on the coast ceased operation in 1990 because of declining catch rates. An artisanal fishery for large adult barramundi developed alongside the commercial fishery during the 1970s. These fishers sold their catch to village co-operative freezer plants or commercial buyers. There are currently only two freezer plants operating, both in the middle Fly River. Three commercial buyers in Daru purchase fish, including barramundi, but usually only fish of over 3 kg. In 1994 they bought only 4 t (Kare 1995) , suggesting that the fishery for adult barramundi has all but ceased in coastal Western Province. In addition to the fishery for adult barramundi there are subsistence and artisanal fisheries catching immature fish, with artisanal fishers selling their catch locally in Daru. These fisheries use gill-nets of smaller mesh (8.9 and 10.2 cm) to catch mainly juveniles (≤1-year-old fish) in coastal and estuarine waters during the peak period (MarchSeptember) of migration of fish from the coastal nurseries to the riverine adult habitats Mobiha and Murri 1993) . By 1970 the estimated 1.5 t of barramundi from the artisanal fishery was the second-most important component of the seafood catch sold at the Daru market (Moore and Reynolds 1973) . By 1995 the sale of juveniles in Daru had increased to almost 6 t (>15 000 fish), and a similar amount was eaten at home (Anon. 1997) . This is almost double the weight of the previous years entire commercial catch in the province and represents several times as many fish. These large catches of immature fish may have contributed as much to the observed decline in the catch of adult fish as has over-exploitation of the adults themselves. Kare (1995) estimated the maximum sustainable yield (MSY) for the commercial fishery as 120 t year 1 on the basis of commercial catch data from 198085. The annual catch since that period has been less than half that estimated MSY, and this fact suggests that the estimate is too high for the present population.
Several management measures have been introduced since 1983 to reduce the catch of juvenile and immature fish in Western Province. None of these measures appears to have succeeded, probably because of a lack of will to enforce them (Kare 1995) . Kare (1995) recommended that small-mesh gill-nets (<15 cm mesh) be banned during the peak periods of juvenile migration in MarchMay and AugustSeptember. This would have allowed these fish to reach fresh water and be available for the commercial fishery as they grew. He made two further recommendations: (1) that the Division of Licensing and Enforcement of the National Fisheries Authority in Daru collaborate with the village councils to introduce effective enforcement of the regulations on undersized fish; and (2) that fines collected from illegal fishing be passed back to the councils.
The latest management and fishery plan passed by Parliament includes most of his recommendations and introduces the following active management measures: (1) possession or sale of barramundi <38 cm TL remains illegal; (2) the coast between the spawning ground and the mouth of the Fly River remains closed to fishing during juvenile migration (1 March31 May and 1 August30 September) and (3) the use of standing gill-nets of 6.4 to 12.7 cm mesh will be prohibited during this period.
These management measures assume that reducing fishing pressure on the juvenile population in coastal areas will be sufficient to increase the adult spawning population to levels that could sustain commercial fishing. However, the commercial catches of barramundi migrating to the coastal spawning ground are now only ~2% of those obtained in the early history of the fishery (Anon. 1997) . These catches are so low that additional measures to protect the adult spawning population may be needed in order to increase the potential for the population to reach levels that can sustain any commercial fishing. Information on the size selectivity of gillnets in relation to sex change is needed in order to assess the impact of fishing with different mesh sizes and determine whether the proposed management measures are likely to be effective in protecting the population.
The aims of this study were: (1) to determine the selectivity of monofilament gill-nets for barramundi; (2) to use these data in population simulations to determine the effect of using nets of different mesh sizes on the size of the spawning population of male and female barramundi; and (3) to identify possible alternative management measures that may increase the adult spawning population to sustainable levels.
Materials and methods

Sampling
Ok Tedi Mining Ltd collects quarterly samples of fish and certain invertebrates at sites within the Fly River (Fig. 1) . One of the sampling methods involves the use of several monofilament gill-nets of similar length (60 m) for 24 h at each site; this gill-net fishing effort is kept constant for all sampling dates, and hence it provides a fishery-independent measure of the relative abundance of barramundi. Data on catches collected between 1987 and 1996 from the main riverine sampling sites (Sites Fly 10, 14, 15, 20, 37; Fig.1) were used in the present analysis. All catch data for nine mesh sizes between 2.5 cm and 15 cm (2.5, 3.8, 5, 6.4, 7.6, 8.9, 10.2, 12.7 and 15 .2 cm stretched mesh) were used to estimate the selectivity of monofilament gillnets for barramundi. Gill-nets were hung according to commercial specifications (Hay et al. 1986 ) with a hanging ratio of 0.67. 
Estimating selectivity of gill-nets
Gill-net selectivity (S j ) was assumed to follow a normal curve (eqn 6 in Hamley 1975) ( 1) where l j is the length of length class j and i is the mesh size of the gillnet. Eqn (1) requires the estimation of two parameters, µ i the length at 50% selection and σ i which defines the slope of the selectivity curve, for each mesh size i.
Parameter estimation can be simplified if µ i and σ i are assumed to be linear functions of i:
Let us assume that the number of fish of size class j present in the area where the gill-nets were set was N j . Given that, at each site, nets of different mesh size were used, assume that p is the probability that a fish encounters a given net and that the size distribution of fish does not differ among sites. The number n ij of fish of size class j caught in each gill-net i will be
Assuming that Eqn (1) holds, the number of parameters to be estimated is twice the number of different mesh sizes plus one (µ i , σ i and p). Assuming that Eqns (2) and (3) also hold, the number of parameters to be estimated is reduced to five (a 1 , b 1 , a 2 , b 2 , p). To estimate these parameters we used the SIMPLEX algorithm (Cooper and Steinberg 1974) in Microsoft Excel to minimize the following sum of squares,
where c ij is the observed catch of fish of size j in mesh size i.
Effect of different mesh sizes on the population
To assess the effect of nets of different mesh size we calculated three population indicators: P 2, 11 , the number of sexually mature females surviving to maximum age (11 years), G, their egg production, and P 1 , the number of male progeny available to fertilize these eggs. To calculate these indicators we assume
where P a is the total number of fish of age a, F is fishing mortality, S a is the selectivity of fish of age a and M is the natural mortality coefficient. The number of males P 1a and females P 2a of age a is then simply P 1a = P a r a (7)
where r a is the proportion of males in age a. From Eqns (6) and (7), the number of male progeny P 1 available to fertilize these eggs can be calculated by summing over all ages where r a >0 and for all months of the spawning season (NovemberJanuary). Likewise, the numbers of sexually mature females surviving to maximum age P 2,11 can be estimated from Eqns (6) and (7). The total egg production G can then be calculated
where h a is the number of eggs produced by a female of age a. Again, G is calculated only for the months of the spawning season.
All calculations were based on monthly age groups up to an age of 11 years. All age-dependent parameters above (S a , r a and h a ) were calculated from their length equivalents given the length-at-age relationship defined by the von Bertalanffy equation. von Bertalanffy parameters were obtained from Reynolds and Moore (1982) , fish fecundity at length from Moore (1982) , and the relative proportion of males and females with increasing size from Moore (1979) . M was set at 0.46 year 1 on the basis of the equations of Hoenig (1983) and Alagaraja (1984) . Only the two most common mesh sizes used in the artisanal fishery (8.9 and 10.2 cm) and the smallest commercial mesh size (15.2 cm) were used in the calculations of population indicators. Fishing mortality was allowed to vary from 0 to 2.0, at which stage it is almost five times the estimate of natural mortality. Most fisheries managers try to maintain F ഡ M (Sparre and Venema 1992) . Fishing mortality in Western Province is almost certainly much higher than natural mortality under the present level of exploitation.
Initially, we set the number of eggs at 100 000 because the coastal juvenile fishery is estimated to catch over 30 000 fish (Kare 1995) . Our analysis also assumes that this initial number have survived fishing on the coast and have entered the mouth of the Fly River.
Results
Gill-net selectivity
The mean size of barramundi at maximum selection varied from 138 mm TL for the 3.8 cm mesh to 556 mm for the 15.2 cm mesh (Table 1; Fig. 2 ). The mesh sizes common in the subsistence and artisanal fisheries for barramundi (7.610.2 cm) were most efficient in catching the fish Յ1-yearold that the management bans are aimed at protecting (270370 mm TL; Kare 1995) . A small proportion of barramundi of this size is also caught by the 15.2 cm mesh.
Most sizes of fish were caught by the 12.7 cm mesh and this also caught over 30% of the 8521 barramundi handled during this study (Table 1 ). The smallest (2.5 cm) mesh caught consistently fewer fish than the next largest (3.8 cm), so the 2.5 cm mesh was excluded from the analysis to avoid overestimation of the number of small fish in the population.
There was no significant improvement in the sum of squares obtained by fitting the data to Eqn (1) alone, compared with use of the simpler model that incorporates the constraints in Eqns (2) and (3). This suggests that both the mean size at maximum selection (L 0 ) and its standard deviation () are linearly related to mesh size. L 0 = 36.46i and = 8.45i indicating that both mean fish size and the range in fish sizes caught by each net increases with mesh size (Table 2 ; Fig. 2 ). Young fish (300400 mm TL) were caught by up to four different mesh sizes. The peak in overall mesh selection for the gill-nets used for barramundi in the Fly River is at 300 mm TL (Fig. 2) , but the maximum overall selection was estimated to be only 45.7%, indicating that, at best, 50% of the fish encountering the nets were retained. However, the estimate of the probability of encounter p for each net was 0.53, indicating that individual fish would tend to encounter more than one net (if fish encountered only one net this estimate would be 0.125, i.e. 1/8, the inverse of the number of nets used in the experiment).
Fits of the observed and predicted catches of each length class by gill-nets of different mesh sizes showed that the Barramundi selectivity, and management of gill-net fisheries overall model fitted the observed lengthfrequency distribution quite well (Fig. 3 ). There were two obvious exceptions: 12.7 cm mesh caught more fish than predicted by the selectivity curve (Table 1 ; Figs 3 and 4) . The predicted and observed lengthfrequency distributions were similar, but the observed catches were much higher than expected. The second exception was the markedly bimodal lengthfrequency distribution of the observed catch for the 15.2 cm mesh net, with the mean size of the larger mode at a length much larger than predicted by a single normal distribution (Fig. 3) . However, this did not lead to an overestimate of the total catch from that net (Fig. 4) .
Effect of different mesh sizes on the population
The population simulations predicted that more females survived and thus produced more eggs only when the 8.9 cm mesh was used (Fig. 5) . The number of females surviving to age 11 declined at all levels of fishing pressure as the mesh size increased. The number of males available to fertilize eggs also decreased with increasing mesh size. Under high fishing pressure (F>1.0) fewer males survive to spawn when the 10.2 cm rather than the 15.2 cm mesh is used. Egg production follows the same pattern as the number of females surviving to age 11 (Fig. 5) .
Discussion
The overall selectivity of barramundi by monofilament gill-nets in the Fly River approximated a normal distribution for most mesh sizes. These results are similar to those found by Reynolds (1978) , who used gill-nets of 10.2 cm to 17.8 cm mesh to estimate selectivity of barramundi in the same region and found that the catches approximated a normal distribution. In the present study, the 15.2 cm mesh had the poorest fit to the normal distribution because it caught many, larger fish. These were probably caught by tangling or rolling in the net.
The results show that more sexually mature female barramundi survive, thus producing more eggs, when fishing is restricted to 8.9 cm mesh nets. Very few females survive the use of 15.2 cm mesh at fishing mortalities of over 1.0 per year (about twice natural mortality). The higher mortality of spawning females occurs because the larger mesh has a larger mean size at maximum selection and also catches a wider range of sizes of fish. The 8.9 cm and 10.2 cm meshes catch few mature females (>700 mm TL), presumably because they are too large to mesh effectively.
Fecundity is linearly related to fish size in Papua New Guinea barramundi (Moore 1982) . Thus, increasing the survival rate of spawning females proportionally increases the total egg production. Barramundi become sexually mature males at 400 mm TL (Moore 1979) . Mesh sizes 8.9 cm and 10.2 cm harvest 400 mm male fish before their first spawning at ~2 years old, whereas nets with 15.2 cm mesh harvest 600 mm males before their third spawning at ~4 years old. When fishing pressure is high (F>1.0), this leads to fewer males surviving to spawn when 10.2 cm rather than 15.2 cm mesh is used.
Two of the population indices, number of females surviving to age 11 and number of eggs produced, show the same dependence on mesh size. This is because all three of the gillnets considered harvest fish a considerable time before they become females and because egg production is linearly related to fish size. For male fish, mesh size affects the spawning age groups harvested, but for females, mesh size affects the number of fish recruited to the spawning population.
Implications for management
The results have implications for the management of barramundi populations in Papua New Guinea. The total commercial catch in 1996 was ~2% of that during the 1970s (Fig. 6) , and this suggests that the 15.2 cm and 17.8 cm mesh used by the commercial fishery had a marked effect on the number of females and hence on total egg production. Spawning females need to be protected so that the total population of barramundi can recover and allow the commercial catches to increase to a more viable level.
Some of the decline in the commercial catches of barramundi in the Fly River in the 1980s may have been related to the presence of the Ok Tedi mine in the headwaters. Studies by Hortle (1987) and Smith and Hortle (1991) indicated that effects were minimal before 1987, the period when the barramundi catches declined most dramatically. The major period of mining-related effects on fish catches was predicted to occur between 1989 and 1993 (Smith and Hortle 1991) .
In northern Australia, the commercial gill-net fisheries for barramundi in the Gulf of Carpentaria and Northern Territory were managed by applying a minimum mesh size of 15 cm to protect immature fish, and a seasonal closure to protect spawners (Glaister 1992; Anon. 1996) . Glaister (1992) recognized that regulations were also needed to protect large, sexually mature females and this has subsequently been adopted through imposition of a maximum legal size of 120 cm TL (Garrett 1997) .
Most of the commercial catch of barramundi in northern Australia is of young fish that have just become susceptible to 15 cm mesh (>580 mm TL; Anon. 1996) . This differs from the situation in the Fly River where the commercial catch was caught in the lower course and coastal areas during the migration of spawners from the river to the only known spawning area (Moore 1982) . There appear to be few large adult fish migrating from the Fly River to spawn, and the resident population in the Fly River has not declined to the same extent (OK Tedi Mining Ltd Environmental Section, unpublished) . This suggests that there may be another spawning area from which recruits migrate to the Fly River or that spawners from other rivers along the Papua New Guinea coast west of Daru (e.g. Morehead and Bensbach Rivers) also spawn in this area and that many of their juveniles migrate to the Fly River, thus maintaining the population levels.
The gill-net selectivity results and the population simulations indicate that egg production is more sensitive to mesh size than is male reproductive output (as measured by the number of fertile males). Egg production can be severely reduced by fishing with large mesh sizes, so the use of gillnets with larger mesh (>12 cm) should be discouraged. The commercial fishery used 15.2 and 17.8 cm mesh (until its virtual collapse in 1990), which would have caught mainly spawning females and would thus have had an important effect on the potential egg production of the population. Unfortunately, we have no data on the level or location of fishing mortality within the Fly River. This makes it difficult to make informed recommendations for changes to fishing practices that may lead to reduced effort in fishing for barramundi in the Fly River system. However, a maximum limit for mesh size combined with moderate levels of fishing effort (F ഡ M) should ensure that barramundi population levels are sustained. This will be achieved by protecting spawning females from being harvested.
This study of a protandrous fish confirms the conclusions of studies on protogynous fishes (Bannerot et al. 1987; Buxton 1992; Punt et al. 1993 ) that populations of these fish are highly susceptible to recruitment overfishing. There is widespread evidence of such overfishing for serranid stocks (see Anon 1991; Mahon 1993; Appledoorn and Meyers 1993) , and we believe that the dramatic decline in catch levels of barramundi in Western Province of PNG is also evidence of recruitment overfishing.
For gill-net fisheries, such as the one for barramundi, managers may control mesh size to direct harvest towards fish of intermediate size, thus protecting portions of the population of both sexes. In addition, minimum and maximum legal sizes could be established (as in Queensland, Australia). For fisheries that use non-selective gear (e.g. lines or traps) managers may be forced to set minimum sizes above the size at sex change in order to achieve the same level of protection. An option for fisheries in the management of non-migratory species which change sex (e.g. the protogynous serranids and sparids) is the establishment of reserves that will operate as sources of recruits.
